We demonstrate that with two small modifications, the popular dielectric continuum model is capable of predicting, with high accuracy, ion solvation thermodynamics in numerous polar solvents, and ion solvation free energies in water-co-solvent mixtures. The first modification involves perturbing the macroscopic dielectric-flux interface condition at the solute-solvent interface with a nonlinear function of the local electric field, giving what we have called a solvation-layer interface condition (SLIC). The second modification is a simple treatment of the microscopic interface potential (static potential). We show that the resulting model exhibits high accuracy without the need for fitting solute atom radii in a state-dependent fashion. Compared to experimental results in nine water-co-solvent mixtures, SLIC predicts transfer free energies to within 2.5 kJ/mol. The co-solvents include both protic and aprotic species, as well as biologically relevant denaturants such as urea and dimethylformamide. Furthermore, our results indicate that the interface potential is essential to reproduce entropies and heat capacities. The present work, together with previous studies of SLIC illustrating its accuracy for biomolecules in water, indicates it as a promising dielectric continuum model for accurate predictions of molecular solvation in a wide range of conditions.
I. INTRODUCTION
Developing better models for thermodynamics of solute-solvent interactions is of crucial importance due to their wide range of applications in biology, nanotechnology, and fundamental chemistry. Implicit-solvent models play a variety of roles in these applications because their speed and simplicity make them appealing options in applications where fully atomistic explicit-solvent models are impractical or impossible 1,2 . Among the most popular implicit-solvent models are those based on statistical mechanical integral equations 3-5 and those based on macroscopic dielectric theory and continuum electrostatics 1, 6, 7 . The latter are widely used because they lead to well understood partial-differential equations for which a variety of numerical algorithms can be used to solve large problems [8] [9] [10] [11] [12] [13] [14] .
However, the speed advantage of dielectric models comes at the cost of simplifying assumptions that make them unable to capture important phenomena [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . In particular, the most substantial errors are incurred in the continuum theory's treatment of the first layers of solvent molecules (the solvation layer) as bulk dielectric material. Significant inaccuracies arise from the assumptions that solvent molecules (1) are infinitely small, and (2) respond linearly with respect to an applied field 2, 27 . To understand the behavior of solvent molecules in this layer, numerous groups have assessed physically motivated changes to solute atom radii 15, 16 and conducted all-atom calculations with explicit solvent to probe solvation-layer response to a perturbing electric field 5, 17, 19, [28] [29] [30] [31] .
These studies, which integrate extensive experimental and computational data, have supported the development of several dielectric-based models that address solvation-layer phenomena for water 16, [32] [33] [34] [35] [36] [37] [38] . Many focus on charge hydration asymmetry (CHA), that is, reproducing the fact that ions of equal size but opposite valence have different solvation free energies and entropies. Although existing models have provided improved treatment of CHA, they have generally treated all asymmetry as arising solely from water hydrogens approaching a solute more closely than the larger water oxygens. This phenomenon is known as steric asymmetry. In many continuum models, steric asymmetry is addressed using atomtype-specific or charge-dependent radii 15, 16, 32, 36, [39] [40] [41] [42] . Although effective radii do account for the effects of charge asymmetry, the fact that the electric field will be disturbed by a buried charge suggest that this correction should be applied to the interface rather than to the atom radii directly 23, 25, 26, 43 . Compounding the challenge of modeling asymmetric response is that it is better described as a combination of two distinct different mechanisms 23 , one being the steric asymmetry, and the other being an electrostatic interface potential that persists even if the solute is uncharged [17] [18] [19] [44] [45] [46] . This interface potential, which we call a static potential to distinguish it from the macroscopic notion 23 , contributes substantially to solvation thermodynamics, though not to solvation free energies in the case of neutral solutes. In particular, the static-potential term contributes a term that is linear in the net charge 23, 38 , whereas the polarization contributes the familiar quadratic expression. For linear-response models this quadratic dependence is clearly understood, and for our nonlinear response model it arises from the fact that the model responds linearly for virtually the entire charging process.
We have proposed a corrected dielectric continuum model that includes two simple modifications to treat these phenomena directly and separately 23, 25, 26, 47 . First, the static potential is treated as a uniform field that does not change in response to the solute charge distribution; second, we modify the familiar dielectric flux interface condition (obtained from macroscopic dielectric theory) by adding a nonlinear perturbation that depends on the local electric field. We call this the solvation-layer interface condition (SLIC) model, after the modified interface condition 43 . Our initial work showed that SLIC accurately reproduces ion solvation free energies in water, as well as charge-hydration asymmetries on a challenging test set 25 . We then established that the widely used mean spherical approximation (MSA) in bulk solution theory 48 could be approximated to give a SLIC-like nonlinear perturbation to the macroscopic dielectric interface condition 43 ; this work indicated that a temperaturedependent interface condition could accurately predict solvation free energies and entropies in a variety of polar solvents 43 . Most recently, SLIC has been extended for dilute electrolytes modeled with the linear Poisson-Boltzmann equation 26, 47 . This extended version was shown to accurately predict the charging free energies of individual atoms in polyatomic solutes 47 .
Remarkably, the model provides high accuracy without the need for parameterizing solute atom radii.
In this paper, we test the SLIC model on two problems that are widely understood to challenge traditional dielectric continuum models. First, it is well known that such models fail to reproduce solvation thermodynamics 49 ; the problem's importance has in fact motivated the parameterization of temperature-dependent radii 50 . Second, relatively few implicit-solvent models have been applied to solvation in mixtures [51] [52] [53] [54] . Standard dielectric models have been
shown to give poor accuracy in specific mixtures [55] [56] [57] , but reference-interaction site model (RISM) theories 58 and the continuum-based model COSMO-RS 59-61 generally work well.
One challenge for simple dielectric models is that correcting their oversimplifications, even in pure solvents, necessitates numerous correction terms with associated free parameters, making parameterization prohibitively complicated and time-consuming. For the studies here, where we use standard Shannon-Prewitt radii for the ions 41, 62 , SLIC has five fitting parameters. However, if parameterized to reproduce explicit-solvent simulations, the model has only three fitting parameters, which describe the nonlinear susceptibility in the solvation layer 25, 26, 47 . Nevertheless, the model gives excellent results: the RMS error is 1.3 kJ/mol for cations and 2.5 kJ/mol for anions, in the 9 mixtures for which we have experimental data. Considering the model's simplicity, lack of chemical detail, and robustness to different solvents, this accuracy is surprising, because it suggests that specific chemical interactions such as hydrogen bonds need not be explicitly included for predictive accuracy. This work addresses only monovalent ions, because polyvalent ions induce dielectric saturation in the first shell, introducing an additional nonlinearity between the first and second shells 30, 31, [63] [64] [65] .
Ongoing work aims to extend SLIC to model polarization saturation around highly charged solutes.
The paper is organized as follows. The following section presents the SLIC model for the electrostatic component of molecular solvation free energies. Section III then addresses the application of SLIC to ion solvation thermodynamics in multiple polar solvents, and in Section IV we study ion solvation free energies in mixtures. Section V concludes the paper with a discussion of open questions, limitations, and areas for future work.
II. THEORY
Our model assumes that the solvation free energy can be decomposed as ∆G solv = ∆G np + ∆G es , where ∆G np represents the nonpolar free energy associated with growing a completely uncharged solute cavity into the solvent, and ∆G es represents the free energy of creating the solute charge distribution 2 . Because we are studying monovalent Born ions, we follow the typical convention and assume ∆G np is negligible, i.e. in this paper we consider only the electrostatic solvation free energy, and assume ∆G solv = ∆G es .
In the standard (macroscopic) dielectric continuum model for ∆G es , the solute is modeled as a dielectric medium with relative permittivity in that contains N q charges, usually at the atom centers (the ith charge is q i and located at r i ), and the solute potential satisfies the Poisson equation. The solvent exterior is modeled as an infinite homogeneous bulk dielectric with relative permittivity out , and in the absence of mobile charges (that is, in non-ionic solution), the solvent potential satisfies the Laplace equation. It is assumed that φ out → 0 as |r| → ∞, and that the normal flux across the dielectric interface (denoted S) is given by the standard Maxwell interface condition
where ∂/∂n denotes the outward normal derivative, r S− is a point just inside the dielectric boundary S, and r S+ is a point just outside. Solving this problem using finite difference methods or boundary integral methods, we obtain the reaction potential φ reaction which arises due to the different permittivities. We write the electrostatic component of the solvation free energy as ∆G
where φ reaction (r) is the reaction potential field In the SLIC model, by contrast, ∆G es is defined to be the sum of two terms:
The first term in Eq. 2 captures the component of the charging free energy that arises due to the interfacial potential field φ static (r) created by solvent structure around a completely uncharged solute (i.e., an empty cavity with the solute shape) 23, 44 . This term has been omitted in most previous dielectric continuum models, which leads to apparent deviations at very low charge densities 23, 39, 46 . In this work, we assume the static potential field φ static is constant everywhere inside the solute; validation and justification for this approximation can be found in 23, 25, 44 . The second term in Eq. 2 is the familiar polarization energy associated with solvent polarization in response to the solute charge distribution. However, in contrast to the standard dielectric model, we have replaced the dielectric interface condition of Eq. 1 with the solvation-layer interface condition (SLIC) 25, 26 :
where ∆ = out − in and E n (r S− ) is the normal electric field at r S− (note that the electric field just outside the surface does not explicitly enter into the interface condition). Notice that this change makes the induced surface charge sensitive to the local electric field, and in particular changes the response to positive and negative fields, matching our intuition about asymmetric solvation by water molecules. The perturbation h(E n ) is
Figure 1 is a schematic plot of this perturbation. In this function, α dictates the magnitude of the deviation between suppressed response and enhanced response; β determines the change in electric field necessary to transition solvation-layer response between modes;
γ determines the critical electric field where the transition is centered; and µ determines where the suppressed response and enhanced response are situated with respect to bulk response. It is important to note that the system responds linearly in regions where the derivative of h is zero. Therefore, as the width of the transition approaches zero, the system obeys two different regimes of linear response depending on the local field 23 . A small but finite transition region allows the model to reproduce observed nonlinearities at low field strengths, which have been noted to arise due to transition of solvent dipole orientations 66 .
However, for charged or highly polar compounds, this transition region's energetic contribution to solvation is quite small 43 . In particular, because the actual region of nonlinear response happens in a very narrow region around E n = 0 25, 26, 43 , the change in potential due to a change in solute charge is essentially linear for any finite charge, so the polarization component of the electrostatic solvation free energy can be approximated using the usual expression ∆G reaction = 1 2 q i φ reaction (r i ). ), while the others exhibit decreasing trends. The centering parameters µ and γ increase with temperature for all solvents, but the significance of these variations are not clear. The static potentials for all solvents are negative, and increasing (becoming less negative) with temperature, but more detailed simulation will be required to establish the relationship to microscopic phenomena.
We may also consider these solvents from the perspective of being protic or aprotic.
The protic solvents water, MeOH, and EtOH exhibit positive correlations between dielectric constant and α and β, but negative correlations between the dielectric constant and γ and µ. However, formamide does not follow this trend. For aprotic solvents, the parameters do not exhibit any obvious dependency on the dielectric constant or the solvent radius (supporting information). Future work will address these relationships in more detail, and particularly focus on the extent to which solvation entropies and heat capacities are in fact related to the parameters' temperature dependence. (especially compared to other models).
IV. PREDICTING SOLVATION IN MIXTURES
We parameterized concentration-dependent SLIC models for ion solvation in 9 waterco-solvent mixtures. The co-solvents were acetone (AC), acetonitrile (AN), dioxane (Diox), dimethyl ether (DME), dimethylformamide (DMF), dimethyl sulfoxide (DMSO), ethanol (EtOH), methanol (MeOH), and urea. We obtained ion solvation free energies in each mixture by adding tabulated transfer free energies [73] [74] [75] [76] [77] [78] [79] [80] [81] to experimental ion solvation free energies in water 41 . Mixture dielectric constants were taken to be experimental values [82] [83] [84] [85] [86] [87] [88] [89] .
The experimental transfer free energies included the monovalent Born ions Li, Na, K, Rb, Cs, Cl, Br, and I, though transfer free energies were not available for every ion in every cosolvent. Each SLIC parameter was modeled as varying quadratically (for example, α(c) =
2 ) where the co-solvent weight/weight concentration c between 0, meaning pure water, and a maximum of 1, pure co-solvent. However, transfer free energies from pure water to pure co-solvent were not available. Thus, for each solvent, the 5 SLIC dependent parameters led to a fitting of 15 parameters over all experimental data associated with that co-solvent mixture, regardless of concentration. For each optimization, every solvation free energy was weighted equally in the optimization problem, and every co-solvent had at least 36 measured transfer energies. Therefore, each optimization problem was well posed. Again, no ion radii were fit during this work: the Shannon-Prewitt radii were used unchanged 41, 62 .
The optimization problems were unconstrained, and for initial guesses we used coefficients obtained by polynomial fitting from parameterizations at individual mixture concentrations.
We verified the model consistency by using the optimized SLIC models of different mixtures to predict solvation free energies in neat water (Supporting Information). MATLAB's nonlinear least squares function was used for optimization. Third, transfer free energies for cations in ethanol mixtures exhibit an inflection point, and our model reproduces the overall profiles accurately, though not the change in curvature.
We also show in the Supporting Information that with fixed radii, the classical Born model, which uses purely macroscopic dielectric notions, is unable to reproduce even qualitative features, because the only varying parameter is the dielectric constant. For example, the transfer free energy profiles often have significant curvature and a local maximum or minimum, whereas the Born-model profiles are monotonic (see particularly the results for dioxane). To construct an accurate Born model, each ion's radius must be parameterized at each co-solvent concentration; one observes a non-monotonic variation in radius that can be as large as 0.1 Å (Supporting Information). As a blind prediction to test the SLIC model, the Supporting Information also includes predictions for ion transfer free energies in co-solvent mixtures for which we did not find any reference data. These predictions included fluorine for all co-solvents, as well as lithium and sodium in acetone and ethanol. For water-ethanol mixtures, the lithium and sodium transfer free energy profiles are very similar to the other cations' profiles. In contrast, the predictions for acetone are quite different for larger cations, which suggests that such experiments or atomistic simulations would offer a stringent test of our model. 47 . This requires an additional nonlinear interface condition at the Stern (ion-exclusion) surface, and in mixtures the width of this ion-exclusion region will presumably depend on the co-solvent size and concentration. We 
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